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Although molecular markers are becoming the tool of choice to develop core collections in plants, the examples of their use in woody perennial species are very scarce. In this work, we used Simple Sequence Repeat (SSR) marker data to develop a core collection in an underutilized subtropical fruit tree species, cherimoya (Annona cherimola Mill., Annonaceae), from an initial collection of 279 genotypes from different countries. We compared six alternative allocation methods to construct the core collection, four not based upon the similarity dendrogram (random sampling, M strategy and simulated annealing algorithm maximizing both genetic diversity and number of SSR alleles) and two based on dendrogram data (L strategy and stepwise clustering). The diversity maintained in each subset was compared to that present in the entire collection. The results obtained indicate that the use of SSRs together with the M-strategy is the most efficient method to develop a core collection in cherimoya. In the best subset, with 40 accessions, all the SSR alleles present in the whole collection were recovered and no significant differences in frequency distribution of alleles for any of the loci studied or in variability parameters (HO, HE) were recorded between the core and the whole collection. 






Ex situ germplasm collections have been developed in different crop species to preserve and promote the utilization of plant genetic resources in agriculture. However, the management, evaluation and use of large germplasm collections is expensive and inefficient due to redundancies and/or duplications and the impossibility of analyzing in detail all the accessions conserved (Diwan et al., 1995; Grenier et al., 2000a, van Hintum et al., 2000). As a consequence, the long-term conservation of collections can be endangered. Collection management can be significantly improved if the regeneration, characterization and evaluation steps are focused on a subset of individuals that represent the diversity conserved in the whole germplasm collection. Recognizing this objective, Frankel and Brown (1984) defined a core collection as a subset of a larger germplasm collection that maximizes the possible genetic diversity of a crop species with minimum redundancy, which occurs when accessions overlap in their contribution to the core collection (Gouesnard et al., 2001). The advantages of developing core collections are most evident in woody perennial species that usually are maintained as clones in field genebanks. This includes higher management costs than those needed to maintain seed germplasm banks and are highly vulnerable to environmental conditions. These problems are worsened in developing countries (Morales et al., 1995) where most of the diversity for several fruit species is present. Moreover, the population structure of conserved germplasm in most cultivated woody perennials differs from that of annual species since in vegetatively propagated fruit tree species the domestication process has involved usually few recombination cycles and, consequently, domesticated genotypes are only a few generations removed from their wild ancestors. This is especially the case in underutilized species such as cherimoya (Annona cherimola Mill.) where the process of domestication is very recent and, consequently, cultivated genotypes could still reflect the genetic variation present in wild populations.
In order to be operative, a core collection must be significantly smaller than the original collection. Brown (1989) proposed that the core collection should contain 5-10% of the accessions conserved in the whole germplasm collection and represent at least 70% of the alleles, with no redundant entries. The rest of the collection should be maintained as the “reserve collection”. Once established, the core subset can be studied in detail for the desired characters, allowing a precise selection of entries for future uses as well as to develop efficient breeding programs (Chandra et al., 2002; Ortiz et al., 1998). 
The procedure to select a core collection can be divided into different steps (van Hintum et al., 2000): identification of the genotypes conserved in the collection, construction of different meaningful groups, decision on the number of accessions per group and selection of the accessions that will be included in the core collection. 
Passport data and phenotypic traits were initially used to develop core collections. However, missing, incomplete or unreliable passport data together with the environmental effects on phenotypic traits often hamper the development of core collections and, consequently, they might not correctly represent the diversity of the original collection (Tanksley and McCouch, 1997; Hu et al., 2000). Therefore, molecular markers are becoming the tool of choice for the development of core collections. Examples include Amplified Fragment Length Polymorphisms (AFLPs) (Fajardo et al., 2002; van Treuren et al., 2006), biochemical markers (Chandra et al., 2002; Liu et al., 2001); Randomly Amplified Polymorphic DNA (RAPDs) (Ghislain et al., 1999; Marita et al., 2000; Skroch et al., 1998), Restriction Fragment Length Polimorphisms (RFLPs) (Kojima et al., 2005), Single Nucleotide Polymorphisms (SNPs) (McKhann et al., 2004) or Single Sequence Repeats (SSRs) (Dje et al., 2000; Ellwood et al., 2006; Grenier et al., 2000b; Hao et al., 2006). However, the examples of the use of molecular markers to develop core collections in woody perennial species are restricted to few cases such as apple (Volk et al., 2005), cashew (Dhanaraj et al., 2002) or sandalwood (Shashidhara et al., 2003). 
A second step in developing core collections is the construction of meaningful groups. This is frequently known as stratification where the groups should be constructed to maximize variation between groups and minimize variation within groups (van Hintum et al., 2000). Different non-exclusive set of data such as geographical origin, taxonomic data, phenotypic evaluation characters or genetic similarity based on biochemical and molecular data can be used to stratify collections. 
After stratification, the next step is the allocation step that determines the number of accessions that will be selected to form the core collection. Brown (1989) described three allocation methods: constant (C) where the number of accessions allocated is the same for all the groups; proportional (P) where the number of accessions allocated is proportional to the number of accessions in each group; and logarithmic (L) where the number of accessions allocated is proportional to the logarithm of the number of accessions in each group. Other methods have been proposed more recently such as the D allocation strategy (Franco et al., 2005) where Gower’s distances are used between accessions within each cluster, stepwise clustering (Hu et al., 2000) where successive dendrograms are constructed and some accessions are selected in each step or the M-strategy (Schoen and Brown 1993), where the number of observed alleles at each marker locus is maximized.
In spite of the need to develop appropriate methods to develop core collections in woody perennial species, the number of studies that deal with the development of core collections in these species is very scarce. Thus, in order to fill this gap, in this study we compared six alternative allocation methods to construct the core collection, four not based upon the similarity dendrogram (random sampling, M strategy and simulated annealing algorithm maximizing both genetic diversity and number of SSR alleles) and two based on dendrogram data (L strategy and stepwise clustering). The diversity maintained in each subset was compared to that present in the entire collection. 
We applied these approaches in an underutilized subtropical fruit tree species, cherimoya, from an initial collection 279 genotypes from different countries. Cherimoya belongs to the Annonaceae, one of the largest tropical and subtropical families of trees, shrubs and lianas included within the order Magnoliales in the basal Angiosperm clade Magnoliid. Three genera in the Annonaceae (Annona, Rollinia and Asimina) contain species with edible fruits, such as cherimoya (A. cherimola), sugar apple (A. squamosa L.), atemoya (a hybrid between A. cherimola and A. squamosa), soursop (A. muricata L.), custard apple (A. reticulata L.), ilama (A. diversifolia Saff.), soncoya (A. purpurea Moc. et Sessé), biriba (Rollinia mucosa Baill.) or pawpaw (Asimina triloba (L.) Dunal) all of which are non-domesticated or in a very incipient stage of domestication. Cherimoya, atemoya and soursop are the most important worldwide both commercially and for local consumption. Cherimoya fruits were consumed in the Andean region in antiquity (Popenoe et al., 1989) and movement of germplasm along Mesoamerica and northern South America took place in pre-Columbian times (Van Damme et al., 2000). Early Spanish explorers introduced cherimoya in Spain and from Spain it extended to other southern European countries. Currently, cherimoya is an under-utilised fruit crop with a clear niche for expansion in developing countries with subtropical climates. Spain, with just 3,000 ha, is the main world producer, followed by Chile. Cherimoya is also produced at a limited commercial scale in other Latin American countries, such as Peru, Ecuador and Bolivia where most of the cherimoyas are collected from wild trees or from small family orchards with very limited cultural practices and market involvement. 




The data set used in this study was obtained from the genotypic analysis with 16 polymorphic SSRs of 279 accessions of cherimoya from different geographical origins maintained at the E.E. La Mayora - CSIC in Malaga (Spain) (Escribano et al., 2007). The cultivars analyzed included 12 from Australia, 18 from Bolivia, 11 from Chile, 5 from Colombia, 1 from Costa Rica, 39 from Ecuador, 3 from Italy, 1 from Japan, 6 from Mexico, 133 from Peru, 30 from Portugal, 8 from Spain and 12 from USA.
The following diversity parameters were analyzed in the whole collection using ARLEQUIN version 3.01 software (Excoffier et al. 2005): number of alleles per locus (A), allele frequency, observed heterozygosity (HO, direct count, calculated as the number of heterozygous genotypes over the total number of genotypes analyzed for each locus) and expected heterozygosity (HE = 1- pi2 where pi is the frequency of the ith allele, Nei, 1973). 

Construction of the core collection
Six alternative methods to construct core collections were developed by combining methods based or not upon the study of a UPGMA dendrogram constructed with the whole collection (Escribano et al., 2007). For each method, five core subsets with different sizes, ranging from 10 to 50 at ten-individual intervals were developed. 
1. Four methods not based on the UPGMA dendrogram of the whole collection were performed: 
a.	Random sampling (R). The accessions were selected from the whole collection by random sampling without replacement. This strategy assumes no prior knowledge about the original collection, except for its total size, and involves only random sampling of the accessions.
b.	Maximization strategy (M-strategy) (M) (Schoen and Brown 1995). It was carried out using the MSTRAT software (Gouesnard et al., 2001). This strategy maximises the number of alleles of different alleles sampled at  each locus and the redundant accessions are eliminated by an iterative process. The program uses an algorithm based on an iterative maximization procedure. A subset of accessions is first chosen at random from the total accessions that comprise the original collection. Next, each of the accessions is deleted in turns and the subset having the highest level of allele richness is retained. In a second step, among the remnant accessions, the accession that brings the greatest increase in the diversity criterion is retained. In our case, Nei's diversity index (Nei 1987) is used as a second optimization criterion. Both steps are repeated until the richness of the collection is no longer improved. 
c.	Simulated annealing algorithm using the Core Set function in PowerMarker version 3.25 software (Liu and Muse 2005) under the criterion of  maximizing genetic diversity (SD). Based upon the complete set of accessions, a subset of accessions is selected at random. Each accession has a weight based on the number of its specific alleles. Next additional lines are selected from the remaining lines based on their weights and swapped with the original subset. The genetic diversity (SD) is then evaluated and the new set is accepted if SD is increased. Swapping is continued for a predefined number of iterations. 
d.	Simulated annealing algorithm using the Core Set function in PowerMarker version 3.25 software (Liu and Muse 2005) under the criterion of  maximizing allelic richness (SA). The procedure is the same described in (c) but using the number of alleles (SA) as main criterion.

For each sampling size, 20 replicates and 100 iterations were generated independently and the accessions that were retained a higher number of times were selected to define a final core subset.
2. Two methods based on a dendrogram of 279 genotypes generated with similarity values obtained after analysis with SSR markers (Escribano et al., 2007) were performed. 
a. Logarithmic strategy (L), Brown (1989), in which the representation of each group in the core collection is proportional to the logarithm of the number of accessions in that group and, in each subgroup, the accessions with the maximum number of alleles are selected. Six main groups were defined according to Escribano et al. (2007).
b. Stepwise clustering with random sampling (S) according to Hu et al., (2000). In this strategy, for each pair of accessions clustered in the dendrogram, one of them is chosen at random for the core subset; when the cluster is formed by a single accession, that accession is also selected. Then, another dendrogram is performed with the selected accessions and the process is repeated until the desired subset size is obtained. Since the number of individuals in each subgroup depends on the topology of the dendrogram generated, the sizes of the subgroups do not correspond exactly with intervals of 10 individuals. 

Characterization of the subsets and comparison to the entire collection
Following the methods described above to develop the different core subsets, the subsets obtained were compared by molecular diversity parameters as described above for all the loci with the whole collection using ARLEQUIN version 3.01 software (Excoffier et al., 2005). 
Non-parametric statistical procedures were performed to determine whether the diversity of the core collections represents the diversity of the entire germplasm collection. Thus, to determine the number of loci with significantly different allele frequencies (Fr), each locus was analyzed independently, comparing the frequency of each allele at each locus between the entire collection and the core collections by the Chi-square test. These comparisons were made for each sample size in each approach. The rest of the parameters related to collection diversity (A, HE and HO) were compared following a paired-comparison procedure to take into account the differences at the locus level by the Friedman’s Repeated Measures Analysis of Variance on Ranks [equivalent to repeated measures ANOVA (Sokal and Rohlf, 1995)]. Post-hoc Dunnett's test was used to compare the different subsets developed with the whole collection (control group). All the comparisons at significance level p<0.05, were carried out with the program SigmaStat 3.0 (SPSS Science Version, Chicago, IL, USA).

Validation of the core collection
The selection of the best subset was carried out according to the parameters of diversity, and the representativeness of the core collection was validated according to the following criteria (modified from Grenier et al., 2000b; Brown 1989; Franco et al., 2006):
a.	Recovery of all the SSR alleles present in the whole collection.
b.	No significant differences in frequency distribution of alleles in at least 95% of the loci between the core and the whole collection.
c.	No significant differences in variability parameters (HO, HE) between the core and the whole collection.

Results and discussion
In this study we have compared six different core subsets to find the most effective method to develop a core collection in cherimoya starting from the identification of the 279 accessions conserved in the whole collection by SSR markers. 

Comparison of the subsets to the entire collection
The results of the variability parameters obtained from the different subsets compared to the whole collection are shown in Table 1. The characterization of the initial collection showed 78 amplification fragments and a mean HO and HE of 0.44 and 0.50, respectively. 
Significant differences (p<0.05) were obtained in the number of alleles compared to the whole collection (78) in some subset sizes of all the methods except for the M-strategy. With the M-strategy the total number of alleles of the whole collection is recovered with a minimum of 30 accessions whereas the other approaches do not reach that value even with 50 accessions. Observed heterozygosities were similar to those of the whole collection in all the subsets except with the subset of 10 accessions with the M-strategy, the subset of 20 accessions with the random strategy and with all the subsets developed following the L- strategy where significant (p<0.05) differences were obtained. Regarding expected heterozygosity (analogous to Nei’s genetic diversity index) significant (p<0.05) differences were only recorded for the M-strategy with 10 individuals probably due to a decrease in the frequency of some nearly fixed alleles in that small sample since the M-strategy maximizes the number of alleles in each locus.
Regarding the allele frequencies, the criterion of no significant differences in at least 95% of the loci was only obtained with the subset of 50 accessions of the random strategy, the subsets of 40 and 50 accessions of the M-strategy, the subset of 50 accessions with the SD strategy and the subsets of 47 and 76 accessions with the S strategy.

Choosing the best strategy and the best subset size 
As discussed above, all the strategies used seem to represent fairly well the overall diversity of the collection (HE). The effectiveness of the methods based on the dendrogram (L and S) is dependent on a successful classification in genetically meaningful groups (Li et al., 2004). In our case, the lack of a clear geographic pattern in the groups of the dendrogram that represents the whole collection (Escribano et al., 2007) could explain the limitation of those approaches. However, the situation could be different in other species where clear geographic groupings are present. Additional factors that limit the effectiveness of the methods based on the dendrogram are the higher probability of excluding rare alleles (Grenier et al., 2000b) and favoring smaller groups (Brown et al., 1987) in the L strategy and the random sampling within groups in the S strategy. Regarding the methods not based upon the dendrogram random sampling presents disadvantages (Brown and Spillane, 1999), because it does not eliminate the possibility of duplication or doubling of entries. In simulated annealing (SA and SD), although it is possible to eliminate the duplications, its low effectiveness could be due to the exclusion of rare alleles in all the subsets. Consequently, the M-strategy is the only approach that recovers all the alleles of the whole collection, including rare alleles, and keeps the original allele frequencies at each locus, and with as low as 30 accessions, reducing redundancy and capturing most of the genetic diversity (Bataillon et al., 1996; Gouesnard et al., 2001; Marita et al., 2000). However, with the subset of 30 accessions one locus showed significantly different allele frequencies compared to the whole collection (Table 1). Therefore, although some redundancy is present, the subset that showed the best adjustment to all the validation parameters was that of 40 accessions with the M-strategy. This is the smallest size for the core collection that fulfills all the validation parameters. In this subset, all the alleles were recovered and no significant differences were recorded for any of the other variability parameters studied (HE and HO). The frequency of alleles between this subset and the entire collection was very highly correlated (R=0.97): not only were the same alleles represented but they were represented at nearly identical frequencies (Figure 1). 

Characteristics of the core collection developed
The best subset includes 40 accessions that represent 14% of the accessions conserved in the original collection, with all the alleles recovered, with the same frequency distribution and the total variation preserved. This value is slightly higher than the value of 5-10% recommended by other authors (Brown et al., 1987) but lower than those reported in other studies to capture more than 90% of the diversity: 60% in cashew (Dhanaraj et al., 2002), 34% in Medicago (Ellwood et al., 2006), 21% in rice (Kojima et al., 2005) or 41% in sandalwood (Shashidhara et al., 2003).
The cherimoya accessions included in the core collection correspond to the following countries (Table 2): 19 from Peru (15.5 % of the accessions of this country conserved in the whole collection), 7 from Australia (58 % of those conserved in the whole collection), 3 from Ecuador (8 % of those conserved in the whole collection), 2 from Bolivia (11 % of those conserved in the whole collection), Mexico (33 % of those conserved in the whole collection), Portugal (7 % of those conserved in the whole collection) and USA (17 % of those conserved in the whole collection) and one from Colombia (20 % of those conserved in the whole collection), Costa Rica (the only genotype conserved in the whole collection) and Spain (12.5 % of those conserved in the whole collection). All the countries in the whole collection are represented in the selected core collection, except Italy, that has 3 accessions in the whole collection, Chile, with 11 accessions and Japan with only one accession in the whole collection. The three Italian genotypes form a highly homogeneous group with a high level of homozygosity (Escribano et al., 2007) and they are probably derived from the same original genotype closely related to Spanish germplasm; the Chilean accessions are probably derived from Andean genotypes and the only Japanese accession present in our collection could be derived from material from USA or Australia. 
An additional advantage of the core collection developed is that just three SSR loci [LMCH6, LMCH16 and LMCH29 (Escribano et al., 2007)] were sufficient to unambiguously identify all of the 40 accessions included greatly improving the control of the identity of the genotypes conserved.
We propose the use of SSRs together with the M-strategy applying as second maximization approach the Nei's diversity index (Nei 1987) as the most efficient method to develop a core collection in cherimoya. The M-strategy has been reported as highly effective to retain allele richness with a low proportion of noninformative alleles (Franco et al., 2006). Results based on simulated data (Bataillon et al., 1996) indicate that the M-strategy outperforms other strategies in situations of selfing or with restricted gene flow. This could be the case in this and other collections of clonal cultivars of woody perennials obtained in different geographical areas rather than in neighboring geographical regions where outcrossing and migration could take place. The results of this work indicate that the core collection is representative of the whole cherimoya collection maintained at the E.E. la Mayora holding 14% of the accessions conserved in the whole collection. The relatively small size of this core collection will allow a more detailed phenotypic characterization. Ideally, a valuable core collection should be dynamic (Jaradat 1995) and this cherimoya core collection could be highly efficient as a starting point and revised periodically as additional accessions are incorporated into the whole collection (Chandra et al., 2002; Ortiz et al., 1998). No reference accession was included in the selected core collection since our reference cultivar (‘Fino de Jete’, the main cultivar in Spain with over 95% of the Spanish cherimoya production) is already included in the selected subset. However, different reference accessions could be added on a case by case basis in different places where this core collection could be studied. This core collection could be used as a base to exchange plant material that represents most of the diversity conserved in the E.E. la Mayora cherimoya collection. We believe that the approach followed in this work could be efficiently applied to develop core collections in other fruit tree species.
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*Statistically significant difference, Dunnet test (p<0.05)
** The sizes of the subgroups are the most approximate to the 10 accessions interval
























































Figure 1. Frequency distribution of the 78 alleles recovered with the best core subset (40 individuals) versus the whole collection (279 individuals) after analyzing 16 SSR loci.
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